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Crystallization is an important process in a wide range of scientific disciplines including chemistry, physics, biology, geology, and materials science. Recent investigations of biomineralization indicate that specific molecular interactions at inorganic-organic interfaces can result in the controlled nucleation and growth of inorganic crystals. Synthetic systems have highlighted the importance of electrostatic binding or association, geometric matching (epitaxis), and stereochemical correspondence in these recognition processes. Similarly, organic molecules in solution can influence the morphology of inorganic crystals if there is molecular complementarity at the crystal-additive interface. A biomimetic approach based on these principles could lead to the development of new strategies in the controlled synthesis of inorganic nanophases, the crystal engineering of bulk solids, and the assembly of organized composite and ceramic materials.
Of the many challenges facing crystal science, the unification of molecular and mechanistic descriptions of crystal nucleation, growth, morphology, and dissolution is of pivotal importance. The dichotomy between the kinetic models of Burton, Cabrera, and Frank (1, 2) and a molecular description of the structure, bonding, stereo- 4) , in which the key structural and stereochemical factors associated with nucleation and crystal morphology can be more readily identified than in systems that are characterized by ionic bonding. The application of a molecular approach to inorganic materials has been essentially restricted to the geometric (epitaxial) models proposed many years ago by Whetstone (5) and Buckley (6) that were developed to explain the interaction of additives with specific crystal faces. Inorganic interfaces involved in oriented overgrowth have been treated from a similar perspective, and unit cell matching of closepacked structures can account for oriented nucleation, provided that the substrate and overgrowth have relatively simple lattice symmetries. However, although these models appear to be realistic descriptions of many simple phenomena, they have not provided adequate explanations for the processes that result in the controlled crystallization of inorganic solids in biological systems. 
Crystal Science and Biomineralization
Biomineralization results in complex materials, such as bones, shells, and teeth, that are characterized by a remarkable level of molecular control of the particle size, structure, morphology, aggregation, and crystallographic orientation of the mineral phases (7, 8) . Moreover, these biogenic minerals are in intimate association with organic polymers and macromolecules such that the products are of functional value as structural supports, mechanical devices, and sensors. This level of crystal engineering is not restricted to higher organisms but is characteristic of many simple organisms such as bacteria and protozoa (Fig. 1) . A central tenet of biomineralization is that the nucleation, growth, morphology, and aggregation (assembly) of the inorganic crystals are regulated by organized assemblies of organic macromolecules (the "organic matrix") (9). Control over the crystallochemical properties of the biomineral is achieved by specific processes involving molecular recognition at inorganic-organic interfaces (10). In this article, we review some of our recent experiments in which we model biomineralization and elucidate the role of molecular recognition in inorganic crystallization systems. We show how organized organic surfaces can control the nucleation of inorganic materials by geometric, electrostatic, and stereochemical complementarity between incipient nuclei and functionalized substrates. We also describe how analogous interactions are responsible for the morphological modification of inorganic crystals grown in the presence of anionic organic additives. Our aim is to highlight a molecular description of nucleation and growth that complements the more classical quantitative approach of physical chemistry. Moreover, a biomimetic approach based on molecular recognition at inorganic-organic interfaces could be useful in the synthesis of inorganic nanophases, bulk solids, and composite and ceramic materials (I 1).
Nucleation
How then, should we envisage inorganic nucleation in biological systems? We consider the formation of inorganic nuclei on the surface of an organic matrix to be analogous to an enzyme-substrate interaction in which the nuclei are kinetically stabilized by specific molecular interactions with the organic surface. In general, the effect of the organic substrate is to lower the activation energy of nucleation (AG#). Moreover, AG# may be dependent on the two-dimensional structure of different crystal faces because each set of symmetryrelated faces could exhibit a different level of complementarity with respect to the functionalized organic substrate. Indeed, we can consider these different interactions as corresponding to a series of activated clusters, each of different AG#, such that there may be an ensemble of nucleation profiles that are crystallographically specific and dependent on the nature (degree of functionality, ionization, and structural assembly) of the organic matrix (Fig. 2) .
What features of the inorganic nuclei can be recognized by the organic matrix? In principle, complementarity between the surface lattice geometries (including relaxation), spatial charge distributions, polarity of hydration layers, defect sites, and stereochemistries of the inorganic and organic surfaces are all possible. Unfortunately, there is a dearth of direct experimental evidence on the nature of these interfacial processes. Circumstantial evidence suggests that coordination environments in the mineral phase are simulated by metal-ion binding to appropriate ligands exposed at the organic surface. For example, carbonate and phosphate biominerals are often associated with carboxylate-rich (aspartate and glutamate) and phosphorylated (phospho- serine) proteins, respectively (9). The organic functional groups act as surrogate oxyanions that simulate the inorganic stereochemistry in the first layer of the incipient nuclei. Similarly, biominerals such as silica and ice, which contain polar -OH or H20 groups, are nucleated in association with hydroxy-rich macromolecules such as polysaccharides and proteins that contain high concentrations of serine and threonine residues (12, 13). However, the interfacial recognition of the nearest neighbor interactions is not sufficient to generate the longer range translational symmetry of the inorganic lattice. This can only be achieved by control of the spatial disposition of functional groups across the matrix surface. Thus, the secondary, tertiary, and quaternary structures of assembled macromolecules are often key features of the preorganization required for controlled inorganic nucleation. Molecular periodicity can be attained by the use of ,3-pleated protein sheets (shells), ox helices (fish antifreeze proteins), and organized phospholipid membranes. The construction of large-scale structures, such as shell and bone, relies on regiospecific nucleation in which active sites are spatially arranged over relatively long distances (micrometers). This is accomplished by cellular regulation of the synthesis, transport, and deposition of the matrix components and is under metabolic control.
Ferritin: Spatial charge and nucleation catalysis. The integration of organic supramolecular chemistry and inorganic crystallization is exemplified by the iron storage protein ferritin. This protein, which is present in bacteria, animals, and plants, consists of a spherical polypeptide shell that surrounds an inorganic core of the iron oxide mineral ferrihydrite. The system is effectively a nanoscale host-guest inorganic-organic assembly. The micelle is constructed from 24 polypeptide subunits arranged in cubic symmetry such that molecular channels penetrate the shell. The internal cavity is -8 nm in diameter, which sets an upper limit of 4500 Fe atoms that can be accommodated in the mineral core. The structure of ferritin is complicated by the fact that there are two different subunits, designated H (heavy) and L (light) according to their relative molecular masses. Some ferritins, such as that isolated from horse spleen, are enriched (90%) in the L-chain subunit, whereas others, for example, the one from human heart, contain predominantly the H-chain subunit.
The difficulty of studying mineralization in heteropolymeric ferritins has been overcome by the ability to produce recombinant homopolymer ferritins (100% H or L subunits) (14) , which can be crystallized and studied by x-ray diffraction (15). There is a specific metal-binding oxidation site in the H-chain but not in the L-chain polypeptide subunit (15). This site is close to an anionic patch of three glutamate residues on the inner surface of the protein shell (Fig. 3) . Recently, we have undertaken experiments involving the in vitro mineralization of ferritins modified by site-directed mutagenesis to produce proteins depleted of the oxidation site or of cavity surface glutamates, or both (16). The data indicate that amino acid modifications in these residues result in reduced kinetics of iron oxide formation. Moreover, both sites act cooperatively in achieving the specific deposition of ferrihydrite within the protein cav- These results indicate that nucleation specificity can be generated by the in situ production of ionic species [Fe(III)] that are subsequently accumulated in the presence of localized electrostatic fields. The effect is presumably to decrease the encounter time between collisions such that the critical radius can be readily surpassed. The process is very subtle because a change in a few amino acid residues at the appropriate sites in the protein markedly reduces the kinetic specificity of intraferritin nucleation. However, the level of molecular recognition in this system is limited to charge and polar interactions and hence is restricted to the short range. Thus, the nuclei are kinetically stabilized but not crystallographically oriented. (Fig. 4) . The pseudohexagonal net of stearate molecules has an interheadgroup spacing of -0.5 nm, which matches the distance between coplanar Ca2+ on the {110} face. Similar geometric correspondences are present for the (100) face of BaSO4 crystals nucleated under long-chain alkyl sulfate or phosphonate monolayers (25, 26). In addition to these geometric relations, the stereochemical arrangement of the surfactant headgroups is of fundamental importance. Nucleation of the calcite {110} face, for example, is favored by carboxylate headgroups because the bidentate motif mimics the carbonate stereochemistry exposed on this crystal surface; nucleation of the (001) face, on the other hand, is induced by sulfate headgroups because the tridentate arrangement simulates the oxygen positions of carbonate anions lying parallel to this crystal surface (Fig. 4) (27) .
Similar experiments have been undertaken with the hydrated phase gypsum (CaSO4 2H2O) (27). In the absence of a compressed monolayer, gypsum grew at the air-water interface in the form of randomly oriented, intergrown needles elongated along the c axis. Nucleation under negatively charged monolayers was enhanced, and the -crystals were discrete and oriented with the c axis parallel or approximately perpendicular to the air-water surface (Fig.  5) . Whereas the negatively charged headgroups (sulfate and phosphate) gave a 60:40 mixture of needles aligned normal and parallel to the monolayer, respectively, the polar surfactant octadecanol, although less effective at promoting nucleation, induced the nucleation of the (010) face such that essentially 100% of the gypsum needles were oriented with the c axis parallel to the monolayer surface. The (010) face lies parallel to the layers of water molecules in the unit cell and appears to be effectively stabilized by polar interactions with the hydroxyl headgroups of the octadecanol monolayer. Thus, although charge and stereochemical interactions are not selective in determining the orientation of the gypsum crystals, hydrogen bonding at the crystal-monolayer interface is an important aspect of nucleation. A similar effect has been observed with ice nucleation under long-chain alcohols (28).
Growth and Morphology
A perspective based on molecular recognition is expedient to the study of inorganic crystal growth. Although classical kinetic descriptions work well for simple ionic salts, we would like to understand how the reactivity of growth sites depends on molecular configuration rather than view the system as a hypothetical geometric array of (cubic) growth units. We, and others, have begun to probe the interaction of crystal surfaces with molecular-specific additives, and some of our recent data are described below. In general, it is clear that charge, geometry, and stereochemistry are important aspects of the crystal-additive interactions. Moreover, these interactions are dynamic such that specific changes in morphology probably originate from subtle differences in the kinetics of these recognition processes on different crystal faces rather than from high-affinity (irreversible) additive binding on one preferred set of symmetry-related surfaces.
Surface incarceration: Host-guest interfaces based on charge-size considerations. At the present time, there is much interest in the potential of host-guest interactions both in liquid systems involving supramolecular chemistry (such as cryptands) and in solid phases with layered or porous structures (intercalation compounds). In a sense, a growing crystal face represents the ultimate host because not only does it readily accommodate soluble guests (growth units) but also it quickly enrolls them as new members (hosts) of the expanding surface. In the presence of extraneous additives, however, the role of the crystal surface is more anal- Charge functionalization of additives can enhance their morphological specificity; for example, both a-aminosuccinate (aspartate) and -y-carboxyglutamate show more effective stabilization of the prismatic calcite {110} faces than succinate or glutamate, respectively (33). Increasing the hydrophobicity of the additive, however, generally reduces its ability to induce morphological changes during crystallization. Thus, whereas butyl phosphate binds specifically to calcite {441} faces, naphthyl phosphate is ineffective (35).
In other experiments, different morphological effects can be induced by seemingly marginal changes in the molecular structure of the additive; for example, whereas prismatic calcite crystals are formed in the presence of phenyl phosphate, phenyl phosphonate produces crystals of unusual rhombohedral form (Fig. 6) . A possible explanation for this remarkable difference is that rotation of the phenyl ring about the C-O-P linkage of phenyl phosphate enables the molecule to bind in an orientation complementary to the carbonate stereochemistry of the {110} prismatic faces. However, this is not an acceptable orientation for the phenyl phosphonate molecule because the aromatic ring would be very close to the charged crystal surface as a result of the presence of the C-P bond. Clearly, when one begins to consider the stereochemical possibilities of macromolecular interactions with inorganic crystal faces, then the recognition processes can become extremely complex. However, studies have shown that acidic macromolecules extracted from sea urchin tests interact specifically with calcite prismatic faces (36), suggesting that the acidic amino acid carboxylate groups behave in a stereochemical fashion similar to that observed with the low molecular weight dicarboxylate additives.
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Finfuec of organicg additives mconrathe crsalmorphology of inorganic materials should be framed within the physicochemical context of the crystallization system. In this regard, speciation is particularly important because the basis of recognition depends on the precise transfer of molecular information at the crystal-additive interface. Systems in which there is a range of equilibria involving chemically variant species can be subject to radical changes in morphology depending on such factors as pH, ionic strength, and complexation (37). Moreover, these equilibria may fluctuate during the course of the crystallization reaction such that time-dependent morphologies can be obtained.
More complicated situations arise when crystallization is associated with phase transformations involving chemical reactions. In such cases, it is unlikely that even an approach that combines structural, stereochemical, and kinetic considerations is sufficient, and only an understanding of chemical reactivity will suffice. 
Biomimetic Approaches
The adaptation of ideas and concepts derived from biomineralization research to the synthesis of inorganic materials with controlled properties appears to be a promising area of investigation (11). In particular, processes that utilize supramolecular assemblies and control interfacial chemistry by molecular recognition could provide new routes to inorganic materials that exhibit uniform particle size (often nanoscale), polymorph selectivity, tailored morphology, oriented nucleation, organized assembly, and composite structures (organoceramics).
Organic cages and the synthesis of inorganic materials. The possibility of using host-guest systems to confine the synthesis of inorganic materials to small reaction volumes has been recently explored. Clearly, the required cavities are an order of magnitude larger than those provided by conventional hosts such as crown ethers and cyclodextrins. Zeolites offer some exciting prospects in synthesizing and immobilizing discrete inorganic clusters [such as CdS (40) One problem encountered with the use of phospholipid or surfactant assemblies is their sensitivity to changes in phase behavior. Furthermore, the dynamic behavior of reverse micelles restricts their use in the synthesis of inorganic materials because the primary particles readily aggregate. To alleviate some of these difficulties, we have used more robust systems such as the mineral-free protein shell of ferritin (Fig. 7) . Fig. 8) . Moreover, the organomineral fibers can undergo in situ chemical transformations, for example, to produce magnetic fibers coated in the mineral magnetite (Fe3O4).
In a related approach organic polymers containing functional surface groups are used as active substrates for crystal nucleation (55). Epoxidation of styrene-butadiene copolymers appears to be a useful method because a range of functionalized polymers can be prepared by ring opening on the addition of various acids. A related strategy involves the use of unfunctionalized and functionalized poly(organosiloxane) surfaces in promoting calcite nucleation (56). In general, the advantage of using polymeric systems is that a range of chemical modifications is readily available through relatively straightforward organic chemistry. The disadvantage of these systems, unlike surfactant assemblies, is that the structure of the functionalized surfaces is often difficult to characterize.
Conclusions
The adaptation of biomineralization processes in the laboratory highlights the potential of a biomimetic approach to crystal science. In particular, the concept of molecular recognition at inorganic-organic interfaces involved in nucleation and crystal growth is providing a perspective in which the classical approaches to inorganic crystallization can be developed within a structural and stereochemical context. Moreover, the integration of organic supramolecular chemistry, self-assembly, and inorganic materials chemistry provides the opportunity to develop rational synthetic routes to products with uniform particle sizes, nanoscale dimensions, tailored morphologies, crystallographic orientation, and organized microarchitectures.
A key breakthrough will be the incorporation of molecular biology into inorganic materials science. For example, the precision of recombinant DNA technology in producing site-directed amino acid modifications has been invaluable in determining the nucleation and oxidation sites in the Fe storage protein ferritin (15, 16). New mutants could be constructed with the objective of tailoring the ligand chemistry to nonnative minerals, for example, CdS. More generally, the genetic production of functionalized biopolymers containing extended motifs of periodic metal-ion binding sites, such as charged 3-pleated sheets, could be a possible route to the reproducible fabrication of organized organic substrates for use in the synthesis of inorganic materials. Clearly, an interdisciplinary approach of this magnitude relies on the unlocking of our imagination from the confines of conventional disciplines. A new paradigm is imminent.
